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EFFECTS OF THE SEA-BED ON ACOUSTIC PROPAGATION

by

Tuncay Akal and Finn B. Jensen

ABSTRACT

_ -v-The sea-bed is known to be the controlling factor in low-frequency shallo 
2 '

water acoustics. In lossy sea-beds, waterborne sound is attenuated both by
compressional-wave attenuation in the bottom and by the coupling of sound
into shear waves. The complicated frequency-dependent effect of the sea-
bed on propagation has been studied theoretically, and it is found that
bottom loss increases with decreasing frequency down to near the cut-off
frequency of the ocean waveguide, at which frequency seismic propagation by
interface waves on the sea floor becomes more important than acoustic
propagation. It is also found that while propagation losses in the water
column are strongly dependent on bottom type, a feature such as the optimum
frequency of acoustic propagation in the water column is only slightly
dependent on sea-bed properties. Broadband propagation data collected in
different areas of the Mediterranean Sea and the eastern North Atlantic are
shown to support these theoretical findings. .&Z

1 INTRODUCTION

Acoustic propagation in the ocean is influenced by many factors: physical
and chemical properties of sea water cause attenuation and refraction,
while different types of sediments, layering, and rough surfaces complicate
reflection.

The frequency range of ocean acoustics extends roughly from a few hertz to
several hundred kilohertz. This means that acoustic signals propagating in
the ocean with the speed of sound will have acoustic wavelengths extending
from 1500 m down to 5 mm, a range of almost six orders of magnitude. With
long-range propagation (hundreds of kilometres) the higher frequencies are
attenuated, so that the useful frequencies are limited to a range from a
few hertz to only a few kilohertz. Acoustic energy propagates into and out
of the sea-bed and is scattered from the sea surface; however, varatlons of
sound speed with depth control the influence that these boundaries have on
the propagation. Thus the boundaries (sea surface and sea floor) and the
physical and acoustical properties of the sea-bed become essential factors
In acoustic transmission through the ocean.

. .. . . . .. ... .. ... , 1- r , r ... ... ..'1
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To illustrate the effects of the sea-bed on acoustic propagation we have
selected a characteristic example from our experimental broadband acoustic
data files, which contain hundreds of acoustic propagation runs from the
northern and eastern North Atlantic and the Mediterranean sea. Figure 1 is
an example of the results of an experiment designed to measure transmission
loss in the ocean [1). Since transmission loss is a function of both
frequency and range, a simple way of displaying all significant information
is to use isoloss contours in a frequency/range plane, as shown in the
upper plot of the figure. The classical propagation- loss versus range
curves can be retrieved from this type of plot by making a horizontal cut
at the frequency of interest. The transmission losses displayed in Fig. 1
were measured over an acoustic path extending from deep to shallow water;
the receiver (60 it) was situated in deep water while the source (50 mt)
moved from deep water to shallower water on the continental shelf. For
ranges less than 50 kin, the propagation was characteristically of the
deep-water type: the lower the frequency, the better the propagation.
When the source moved over the continental shelf, at a range of
approximately 70 kit from the receiver, the propagation characteristics
changed drastically. Because low-frequency sound (< 100 Hz) interacts more
with the sea-bed it is severely attenuated, thereby creating an optimum
frequency of propagation at around 126 Hz in this experiment. This example
clearly illustrates the effects of the sea-bed on propagation.

2 PARAMETERS THAT CONTROL ACOUSTIC INTERACTION WITH THE SEA-BED

While propagating through the ocean, acoustic energy is prevented from
spreading beyond this medium and remains mostly confined between the sea
surface and the bottom. However, the degree of interaction of the acoustic
energy with the sea-bed is not constant but is determined mostly by the
sound-speed structure and the thickness of the water column.

When the sound-speed profile has a negative gradient from the sea surface
to the bottom (su mme r conditions), acoustic energy is refracted towards the
bottom, so that acoustic propagation becomes particularly dependent on the
bottom configuration and on the properties of the bottom and sub-bottom
sediments. When, on the other hand, the sound-speed profile has a positive
gradient (winter conditions) the upward- ref racti on conditions reduce the
influence of the sea-floor. These effects are evident in the results of
two acoustic runs made over the same propagation path under summer and
winter conditions (Fig. 2). It is clearly seen that losses are much higher
in summer than in winter conditions.

Water depth is the other important parameter in the interaction of acoustic
energy with the sea-bed. The thickness of the propagation channel, defined
by the surface and bottom, controls the number of interactions of the sound
rays with the sea bottom. When the water is shallow, acoustic energy
interacts more with the bottom and hence is subject to higher losses.
Figure 3 shows the effect of water depth on propagation by comparing
transmission losses in the same area under the same environmental
conditions but at different water depths. As can be seen, the greater the
water depth, the smaller the losses and the lower the optimum frequency.
This is because, at all frequencies, bottom interaction decreases with
increasing water depth. The effect of changing water depth on the optimum
frequency of propagation is also evident in Fig. 1.

2
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Another important phenomenon 15 also controlled by the thickness of the
propagation channel, i.e., by the water depth. Wave theory predicts that
for any kind of ducted propagation there is a cut-off frequency below which
.he duct ceases to act as a waveguide. This cut-off frequency is inversely
proportional to the water depth, being around 10 Hz in 100 m of water.
Below the cut-off frequency, water-borne acoustic propagation is extremely
poor, and seismic interface waves then become important propagation paths.

3 EFFECT OF BOTTOM TYPE ON PROPAGATION

When waterborne sound interacts with the sea-bed, some energy is
transferred from the water column to the bottom. The fractional energy
transfer depends on the lossiness of the bottom, which, in turn, is
determined by the acoustic properties of the bottom material.

For visco-elastic bottoms the acoustic properties are completely defined by
the compressional and shear-wave velocities, the attenuation factors
associated with these waves, and the material density. (More complex
bottoms, such as those described by poro-elastic Blot models [21 will not
be dealt with in this paper). In simple bottom models based on visco-
elastic theory, shear properties are often neglected, which can be
Justified only for very 'soft' sediments (clay-silt), in which shear speeds
are low (< 200 m/s). In harder, unconsolidated sediments, shear properties
are very important and, in some cases, even dominate the reflection
properties. Moreover, the existence of interface waves on the sea floor is
intrinsically related to the shear properties of the bottom material.

To demonstrate the effect of shear in the bottom on acoustic propagation inI the water column, we turn to a set of experimental data collected in
shallow water in the Mediterranean. The measured sound-speed profile is
shown In Fig. 4, together with the source (50 m) and receiver (40 m)
positions. The water depth is 70 m and the downward- ref racti ng profile
causes strong sound interaction with the sea floor. Hence, we can expect
long-range (tens of kilometres) propagation in this area to be strongly
affected by bottom loss.I The bottom properties used for numerical modelling of this propagation
condition are listed on Fig. 4. The bottom material is primarily sand, with
density and compressional speed (C c) determined directly from bottom cores

taken in the area. The other parameters - shear speed (C)

compressional -wave 'attenuation (p C), and shear-wave attenuation (pS -

were determined so as to give the best agreement between computed and
measured propagation losses. Parameter values estimated in this manner
were checked against values reported in the literature for similar bottom
types, and all the parameter values given are well within the range of
values reported by Hamilton [3] for sand bottoms.

Figure 5 shows the measured propagation loss at a range of 30 km as a
function of frequency. Note that best propagation (optimum frequency)
occurs between 200 and 400 Hz. The figure also presents two theoretical
curves that have been computed by a fast-field program (FFP) capable of
providing an exact numerical integration of the wave equation for a

3A
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horizontally stratified environment; this program was developed originally
by Kutschale [4] and modified recently by Schmidt [5). Two theoretical
curves are shown: one neglecting shear properties in the bottom, and one
including shear waves with a speed of 500 m/s. We see that shear is an
important loss mechanism at all frequencies (10 dB at 3.2 kHz), even though
shear losses are highest at low frequencies (35 dB at 50 Hz). In fact,
shear losses move the apparent cut-off frequency up from around 15 Hz to
around 40 Hz. Note that shear effects are particularly evident below the
optimum frequency of propagation. Considering the above example and
several more reported in [6], it is seen that shear rigidity is clearly a
fundamental property of ocean-bottom materials and must therefore be
included in a realistic model of the sea-bed.

To assess the general frequency-dependent propagation characteristics in
water overlying different bottom materials, the same FFP model [4, 5] was
used to make a parametric study. Four different bottom types were
investigated, as shown in Table 1. Realistic estimates of the geoacoustic
parameters were obtained from [3). Note that shear properties are
specified for all bottom types. Even though there is some uncertainty
associated with the numerical values given in Table 1, particularly
concerning the shear properties, we feel that these values are sufficiently
representative of real ocean bottoms to be useful in making a meaningful
study of bottom effects on propagation.

TABLE 1

GEOACOUSTIC PARAMETERS FOR DIFFERENT BOTTOM TYPES

Compress. Shear Compress. Shear
Bottom Density speed speed attenuation attenuation
Type (g/cm3) (m/s) (m/s) (dB/X) (dB/A)

SILT 1.8 1600 200 1.0 2.0
SAND 2.0 1800 600 0.7 1.5

LIMESTONE 2.2 2250 1000 0.4 1.0

BASALT 2.6 5250 2500 0.2 0.5

We consider propagation in the simplified environment summarized in the
upper left corner of Fig. 6; i.e., 100 m of isovelocity (1500 a/s) water
overlying a homogeneous bottom. The source is placed at mid-depth (50 m)
and the receiver on the bottom (100 i). Propagation-losses over a range of
10 km were calculated for the four bottom types for a wide spectrum of
frequencies (0.1 Hz to 1 kHz), as shown in the four curves of Fig. 6.

The general frequency-dependent propagation characteristics of the water
channel are well illustrated by the result shown for a homogeneous silt
bottom. Above 40 Hz (optimum frequency) there is good propagation with an
apparent cut-off of water-borne sound when the frequency falls below about
10 Hz. At very low frequencies (0.1 to 0.3 Hz) seismic propagation becomes
important, and sound propagates as an interface wave along the sea floor.
This wave type has the highest excitation on the water/bottom Interface and

4
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an exponentially decaying amplitude away from the interface. The seismic
interface waves have been shown to exist in many ocean areas [ 7], and since
this wave type is intrinsically related to the shear properties of the
bottom, the experimental evidence of the existence of these waves is yet
another proof of the importance of shear effects in low-f requency ocean
acoustics.

The general broadband propagation characteristics found with a silt bottom
are also evident with the other three bottom types, though with different
transmission-loss levels. We note that the interface-wave excitation
increases with the shear speed (lowest for silt, highest for limestone),
and that the excitation peak moves to higher frequencies for higher shear
speeds. The interface wave becomes an integral part of the water-borne
spectrum when the shear speed is higher than the water speed, which is the
case for basalt. Seismic interface waves are seen to be an important
propagation path only below 5 Hz, and because of the quite high attenuation
of these waves, maximum useful detection ranges seem to be of the order of
10 km. A detailed theoretical study of the excitation and propagation of
interface waves for realistic layered bottoms has been done by Schmidt [5].

Returning to water-borne propagation (above 5 Hz), we see from Fig. 6 that
the best propagation is associated with a basalt bottom, while limestone is
the most absorptive bottom of those investigated here. This is somewhat
surprising considering the fact that limestone is a compact material with
high density and high compressional speed. Its shear speed, however, is
very close to the water speed, causing strong coupling of water-borne sound
into shear waves in the bottom. The relative lossiness of the four bottom
types is also clearly seen from the plane-wave reflection curves presented
in Fig. 7, which have been computed from a numerical model developed by
Hastrup [8]. Since good propagation is associated with small grazing
angles (< 200), we would expect to have the best propagation over a basalt
bottom, followed by those of silt, sand, and limestone.

The concept of an optimum frequency of propagation has been addressed
earlier, and can be shown to be a fundamental property of long-range
propagation in the ocean. A detailed study has been done by Jensen and
Kuperman [91 to investigate the effect of various environmental factors on
the optimum frequency. In short, it was found that the optimum propagation
frequency is strongly dependent on the water depth, somewhat dependent on
the sound-speed profile, and only weakly dependent on the bottom type.
This is a surprising conclusion considering that the level of propagation
loss is strongly dependent on the bottom properties.

Final experimental evidence of the effects of the sea bottom on propagation
is given in Fig. 8, which presents measured transmission losses from
different areas of the Mediterranean and the eastern North Atlantic. Water
depths were in all cases around 100 m, with source and receiver around
mid-depth. Sound-speed profiles were of summer type, and the selected
areas all represent different bottom types. The measured losses at 30 km
range are seen to vary by approximately 10 dB above the optimum frequency
(200 to 400 Hz), while much greater transmission- loss differences are
recorded at low frequencies. Figure 8 provides further confirmation that
the sea-bed is of paramount importance to low-frequency ocean acoustics.

5
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SUMMARY AND CONCLUSIONS

The sea-bed is the cor.trolllng factor in low-frequency acoustic propagation
in the ocean. We have seen clear evidence of the importance of shear, both
as a loss mechanism for waterborne sound, and as a propagation mechanism
for seismic interface waves. The interface waves will be important only at
short range (< 10 kin) and at very low frequencies (< 5 Hz). Waterborne
sound is subject to bottom-reflection loss, particularly at low
frequencies, causing a shift of the apparent cut-off to higher frequencies.
Moreover, the lowest propagation loss is found for bottoms with both low
and high shear speeds, while high propagation losses occur for bottoms with
intermediate shear speeds, of the order of the water speed.

REFERENCES

1. AKAL, T. Sea floor effects on shallow-water acoustic propagation.
In: KUPERMAN, W.A. and JENSEN, F.B. eds. Bottom-Interacting Ocean
Acoustics. New York, NY, Plenum Press, 1980: pp. 557-575.

2. STOLL, R.D. and KAN, T.K. Reflection of acoustic waves at a water/
sediment interface. J. Acoustical Society America, 70, 1981:
149-164.

3. HAMILTON, E.L. Geoacoustic modeling of the sea floor. J.
Acoustical Society America, 68, 1980: 1313-1340.

4. KUTSCHALE, H.W. Rapid computation by wave theory of propagation loss
in the Arctic Ocean, CU-8-73. Palisades, NY, Columbia University,
1973.

5. SCHMIDT, H. Excitation and propagation of interface waves in a
stratified sea-bed, SACLANTCEN SM- (in preparation). La Spezia,
Italy, SACLANT ASW Research Centre.

6. FERLA, N.C., DREINI, G., JENSEN, F.B. and KUPERMAN, W.A. Broadband
model/data comparisons for acoustic propagation in coastal waters.
In: KUPERMAN, W.A. and JENSEN, F.B. eds. Bottom-interacting Ocean
Acoustics. New York, NY, Plenum Press, 1980: pp. 577-592.

7. SCHMALFELDT, B. and RAUCH, D. Explosion-generated seismic interface
waves in shallow water: Experimental results. SACLANTCEN SR-71. La
Spezia, Italy, SACLANT ASW Research Centre, 1983.

8. HASTRUP, O.F. Digital analysis of acoustic reflectivity in the
Tyrrhenian abyssal plain. J. Acoustical Society America, 47, 1970:
181-190.

9. JENSEN, F.B. and KUPERMAM, W.A. Optimum frequency of propagation in
shallow-water environments. J. Acoustical Society America, 73, 1983:
813-819.
(Reissued as SACLANTCEN SR-68. La Spezia, Italy, SACLANT ASW Research
Centre, 1983.)

6

- -0100dMa



SACLANTCEN SM-167

8064

4032

:r2016

Ui 504z

o 126
LU -

63 06

LL 32 7S

0.0 20.0 40.0 60.0 80.0 100.0
RANGE (KM)

SOUND SPEED (mls)
1500

RECEIVER SUC

at 60 mat5m
1000-

E2000-

S3000

4000-

5000
0 20 40 60 so 100

RANGE (kin)

FIG. 1 IASRSD 2'MANSSON LOSS OVER AN ACOUSTIC PATH CHANGING
FROM DEEP 20) SHALLOW WATER.



SAC LANTCEW 9S-167

SOUND SPEED (rn/s)
604SD 5Dm, RD) 40m 1500 1520 1540

0.a) N4032 1120N2

(00 40-
Z 504 xw u 

I .-
S252 8

60
wU 126

Q 63
u- 0.0 10.0 20.0 30.0 40.0so

RANGE (KM)I
SOUND SPEED nI /s

b) 064* 1500 1520 1520

>- 1008 E30-

Z 504

3 25260-
06

6.0 10.0 20.0 30.0

RANGE (KM) 90-

FIG. 2 TRANSMISSION LOSSES MEASURED OVER THE SAME PROPAGATION PATH.
(a) Summer conditions
(b) Winter conditions

-4032 DEPTH 120m SD: 50m ,RD DA

a) r-12016 
0 as1-

-1008 96 '

>- 504 9

Uj
Z 252W s
-j 126

w 6315
32 _ _ _ _ _ _' 4__ _ _ _ ._ so_ _ _ _0.0 10.0 20.0 3. 00 5.

RANGE (KIM)

DEPTH - 30m SD:S5m. RD DA

>- 604
Li
Z 262
m 126

W 63

0.0 10.0 2. 00 4. 00 6.
RANGE I KM)

FIG. 3 EXPERIMENTAL EVIDENCE OF THE EFFECT OF, WATER DEPTH ON PROPAGATION.
(a) 120 m water depth
(b) 300 m water depth

8



SACLANTCEN SM-167

0

10-

20-

FE

30-

W 4- ---R
c4 BOTTOM

50- -- S CC z 17 0 0 m/s

Cs = 500-m/s
Oc = 0.75 dB/X

60" O.s = 1.50 dB/X
p = 2.00 g/cm 3

70
1500 1i0 1520 1530 1540 1550

SOUND SPEED (ms)

FIG. 4 SOUND-SPEED PROFILE AND BTTOm PARAmETERS FOR SHALLOW-WATER

AREA IN SOUTHERN IEDITERRANEAN.

70" SD= 50m

80RD= 40m 
-.

/90"

o /
0I
110-

I- Experiment
120- , Theory (no shear)

I Theory (with shear)

130 A12.5 25 50 100 200 400 800 16bO 3200

FREQUENCY (Hz)

FIG* 5 WAMRED AND OMPUTED PROPAGATION LOSSES AT 1ANGE 30 km,

9



SAC LAi4TCEN SW-167
50-

S* loomBASALT (5250/2500)

w SILT ( 1600/200)0
/j so A. ----. $.6ND (1800/600)

c 0 LIMSTOQNE (2250/1000)

~100-
z
Cr110 ...

0A1Q2 0.51 510 20 50100200 5001600
FREQUENCY (Hz)

FIG.* 6 BROADBAND PROPAGATION CJIARACERISrICS FOR DIFFERENT B)TTN TYPES.
Numbers In parentheses are compressilonal and shear speeds,
respectively.

20-

16-

~12 /

w//

...............

020* 40 60D 80

GRAZING ANGLE (deg.)

FIG. 7 WEMITIWD MNFLXICTION LOSS vs GftAZING ANGLI JOR DIzfrIN? B!1WN !TpDS.

10



SACLANTCEN SM-167

60 RANGE= 30km

70
.., .- ...............

.... .......

/80- -
O*0 ,."..

"0 I ,',, - -/

c.) I-"

0
.I100- // /

/

110 /

120
12.5 25 50 100 200 400 800 1600 3200 6400

FREQUENCY (Hz)

FIG. 8 IEASUJRED PROPAGATION LOSSES IN DIFFERENT OCEAN AREAS.

11



INITIAL DISTRIBUTION

Copies Copies

MINISTRIES OF DEFENCE SCNR FOR SACLANTCEN

MOD Belgium 2 SCNR Belgium 1
DND Canada 10 SCNR Canada I

ClOD Denmark 8 SCNR Denmark 1
HOD France 8 SCNR Germany 1
NOD Germany 15 SCNR Greece I
NOD Greece 11 SCaR Italy I

NOD Italy 10 SCNR Netherlands 1
NOD Netherlands 12 SCHR Norway 1
CHOD Norway 10 SCR Portugal 1
NOD Portugal 2 SCNR Turkey 1
NOD Turkey 5 SCNR U.K. 1
NOD U.K. 20. SCNR U.S. 2
SECDEF U.S. 65 SECGEN Rep. SCNR 1

NAIILCOM Rep. SCNR 1
NATO AUTHORITIES

NATIONAL LIAISON OFFICERS
Defence Planning Committee 31 2NLO CanadaI

COT 1 NLO Denmark 1
NLO Germany 1

SACLANTIEPEUR 1 NW Italy 1
CINCWZSTUANT/II NW U.K. 1
(om3TRIKLTANT 1
COHIBERLANT 

1

CINCASTLANT 1 NLR TO SACLANT

COAINEASTLANT 1 NLR Belgium 1
SACIUR 2 NLR Canada I

CINCIWOTU 1 NLR Denmark 1
CINCSOUI I NLR Germany I
COhfVSOUTH 1 NLR Greece 1
CONSTRINFORSOUTH 1 NLR Italy 1
COMDCENT I NLR Netherlands I
COWhARAIM 1 NLR Norway I
CINCNAN 3 NLR Portugal 1

NLR Turkey I
NLRUK 1
NLR US 1

Total initial distribution 244
SACLANTCEN Library 10
Stock 26

Total number of copies 280



Two t bm
im pubUc mlt4me cmd @Ww 10
dbodrillm b WdWd"

41)

DATE

FILMED

DTIC


